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Richard A. Baird NCC 2-651
Description of Research:

The vertebrate utriculus transduces the linear forces produced by static head displacement
relative to gravity and by dynamic translational head acceleration in to neural signals. Utricular hair
cells with differing hair bundle morphology differ in their voltage-dependent conductances. These
conductances, by acting as frequency-dependent filters of the receptor current, modify the sensitivity
and frequency selectivity of hair cells. Utricular hair cells also differ in their rate of adaptation to
sustained head displacement. Nonadapting hair cells are most sensitive to static gravity and
adapting hair cells, because they do not retain information about maintained displacement, are most
sensitive to changes in linear accleration. The dual encoding functions of the vestibular otolith
organs are therefore largely accomplished by varying the rate and extent of adaptation in different
hair cell phenotyes.

Hair cells in the bullfrog vestibular otolith organs regenerate following aminoglycoside
ototoxicity. Hair cells in these organs are differentially sensitive to gentamicin, with saccular hair
cells and hair cells in the utricular striola being damaged at lower gentamicin concentrations than
hair cells in the utricular extrastriola. Regenerating hair cells in these organs have short hair
bundles and can be classified into a number of phenotypes using the same morphological criteria
used to identify their mature counterparts. BrdU-labeling studies in living animals and in vitro organ
cultures indicate that hair cell recovery in the vestibular otolith organs is accomplished by both
mitotic and non-mitotic mechanisms. The former mechanism is known to produce hair cells through
the mitotic division of precursor cells. Our studies also suggest that some supporting cells can
convert, or transdifferentiate, into hair cells without an intervening cell division. By stimulating these
processes in humans, clinicians may be able to alleviate human deafness and peripheral vestibular
disorders by regenerating and replacing lost hair cells.

Accomplishments:

(1) In vivo studies of cell proliferation and hair cell regeneration

The results of earlier in vivo studies suggested that hair cell regeneration in the vestibular
otolith organs might involve the mitotic production of new hair cells. To examine the role of mitotic
division in hair cell recovery, we injected bullfrogs with 5-bromo-2'-deoxyuridine (BrdU), a thymidine
analogue incorporated into mitotic cells. Using BrdU immunocytochemistry, we then measured the
number, macular location, and cell morphology pf BrdU-labeled cells at varying survival times.

Cell proliferation was seen in normal and gentamicin-treated animals. BrdU-labeling in the
sacculus was more extensive than in the utriculus, consistent with the greater damage caused by
gentamicin to the former organ. BrdU-labeled cells were initially seen in the macular margins and,
within the maculae, immediately adjacent to the basement membrane. The latter cells had spherical
cell bodies and, unlike typical supporting cells, did not project to the lumenal surface. At later
survival times, BrdU-labeled cells were located further from the basement membrane and displayed
mitotic figures, suggesting that progenitor cells underwent cell division at more apical positions.

The total number of BrdU-labeled cells in normal and gentamicin-treated animals increased
with survival time. This increase, which was first observed 3-5 days postinjection, was largely due
to an increase in progenitor progeny. Cell proliferation, however, was insufficient to explain the
amount of hair cell regeneration seen in the vestibular otolith organs. At early survival times, large
numbers of hair cells with immature hair bundies were seen in gentamicin-treated animals before
the arrival of progenitor progeny. Moreover, the total number of proliferating progeny at late survival
times was still significantly lower than the number of regenerating hair cells. The great majority of
regenerating hair cells in the vestibular otolith organs were therefore not BrdU-labeled, suggesting
that hair cell recovery in these organs was primarily determined by non-mitotic mechanisms. These
mechanisms might include hair cell migration from undamaged macular regions, hair bundle repair
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Richard A. Baird NCC 2-651
in damaged hair cells, or the conversion (transdifferentiation) of undamaged supporting cells into
hair cells (see below). The results of these studies were reported in preliminary form at the 1993
Annual meeting of the Society for Neuroscience (D) and the 1994 Mechanisms of Sensory
Regeneration Conference (B). We will soon submit these studies in manuscript form to the Jounal
of Comparative Neurology (1).

(2) Morphological studies of scar formation and hair cell regeneration

We used rhodamine-conjugated phalloidin to label filamentous actin in normal and
gentamicin-treated organs. This technique clearly differentiated hair cells and supporting cells and
improved the visibility of immature hair bundles, allowing us to more closely examine the processes
of hair cell degeneration, scar formation, and hair cell regeneration. In normal animals, phalloidin
strongly labeled filamentous actin in intercellular adherens junctions at the apical surfaces of
marginal cells and, within the sensory epithelium, the apical surfaces of hair cells and supporting
cells. It also strongly labeled the sensory hair bundles and the cuticular plates of hair cells. By
contrast, little phalloidin staining was observed within supporting cells.

The distribution of phalioidin staining changed dramatically in gentamicin-treated animals.
In the sacculus, little phalloidin staining was seen above the lumenal surface 24-48 hours after
gentamicin treatment, confirming that this treatment resulted in a profound loss of hair bundles
throughout the central sacculus and, less extensively, in the peripheral saccular margins. Phalloidin
staining in the utricular striola was similarly depleted. In the medial and lateral extrastriolar regions,
on the other hand, phalloidin staining was largely unaffected by gentamicin treatment. Phalloidin
staining of hair bundles was largely restored in both the saccular and utricular macula at later
survival times, consistent with the re-appearance of hair cells.

We also examined the lumenal surfaces of phalloidin-labeled organs at higher magnification
to more closely study the processes of hair cell degeneration, scar formation, and hair cell
regeneration. In normal animals, the lumenal surfaces of hair cells and supporting cells in the
sacculus and formed a complex mosaic pattern. Hair cells were seldom in contact with other hair
cells. The lumenal surfaces of hair cells were circular while those of supporting cells were polygonal
in shape, ranging from four to six sides. At lower levels, a narrow actin-free zone, demarcating the
borders between adjacent cells, was visible between hair cells and supporting cells.

Hair cells in the central sacculus, although they were all the same phenotypes, differed
markedly in the size of their hair bundles. Most saccular hair cells in normal animals had mature
hair bundles. A few hair cells had smaller lumenal surfaces and hair bundles than those of mature
hair cells. Immature hair cells, like mature hair cells, were seldom in contact with other hair cells and
typically had circular apical surfaces. Hair cells with small hair bundles were, however, surrounded
by fewer supporting cells than hair cells with more mature hair bundles. Immature saccular hair
cells, for example, typically had four neighboring supporting cells, although they could be
surrounded by from three to six supporting cells. Mature hair cells, on the other hand, typically had
five neighboring supporting cells.

We observed a near-complete loss of hair bundles in the central sacculus one to two days
after gentamicin treatment, although hair bundles in the peripheral macular margins were still
present. Despite the loss of their hair bundles, hair cells in these animals could still be differentiated
from supporting cells by their cuticular plates and their circular apical surfaces. The few remaining
hair cells in the central sacculus had small hair bundles. Except in regions of extensive hair cell
damage, the distribution of filamentous actin in intercellular adherens junctions
was continuous throughout the confines of the sensory macula. Small epithelial holes, presumably
left by individual extruded hair cells, were observed throughout the saccular macula. The number
of supporting cells surrounding small epithelial holes in gentamicin-treated animals was similar to
that surrounding mature hair cells in normal animals.
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Scar formations, composed of the expanded processes of neighboring supporting cells, were
commonly seen surrounding the degenerated remnants of hair cells or the epithelial holes left by
extruded hair cells. In these regions, the apical surfaces of supporting cells had expanded in size
to fill the spaces previously occupied by hair cells. Different scarring patterns were seen in
gentamicin-treated animals depending on the number of supporting cells taking part in the scar
formation. The number of supporting cells taking part in scar formations ranged from four to eight
and was similar to the number of supporting cells surrounding mature hair cells in normal animals.

Scar formations in the bullfrog vestibular otolith organs, unlike those in mammalian vestibular
organs, were rapidly replaced by regenerating hair cells. By seven days postinjection, hair bundles
were seen throughout the saccular macula, although the mean density of hair cells was less than
in normal animals and epithelial holes and scar formations were still visibly apparent. Hair cells with
small hair bundles were far more common in these animals than in normal animals, particularly in
areas with extensive hair cell damage. As in normal animals, hair cells with immature hair bundles
in gentamicin-treated animals were surrounded by fewer supporting cells than mature hair cells.

in heavily damaged regions, unlabeled supporting cells with immature hair bundles and
cellular morphology transitional between that of hair cells and supporting cells were often seen,
suggesting that hair cell recovery in these regions was primarily determined by the
transdifferentiation of undamaged supporting cells into hair cells. Supporting cells have long apical
projections which have extensive surface contact with hair cells. We hypothesize that the loss of
this contact due to local hair cell death may trigger intercellular signals which initiate the
transdifferentiation of supporting cells into hair cells. The results of these studies were reported in
preliminary form at the 1994 Mechanisms of Sensory Regeneration Conference (D) and the 1995
ARO Midwinter research meeting (H). We will soon submit these studies in manuscript form to the
Journal of Comparative Neurology (J).

(3) In vitro studies of cell proliferation and hair cell regeneration

In earlier in vivo studies, regenerating hair cells were seldom BrdU-labeled, suggesting that
hair cell regeneration was largely due to non-mitotic mechanisms. We considered the possibility
that BrdU, because it was not administered continuously, was not equally available to all proliferating
cells. To rule out this possibility, we repeated our in vivo experiments of cell proliferation and hair
cell regeneration in saccular and utricular organ cultures.

Excised organs were incubated in Wolfe-Quimby incubation media (GIBCO) and placed, hair
bundles upward, in lab-built culture chambers. Cultured organs were maintained for 7-14 days,
replacing half of the culture medium with fresh culture medium every two days. We assessed the
morphological integrity of normal cultures using Nomarski optics and their vitality with vital dye
exclusion. Saccular and utricular cultures were maintained with little cell damage for up to 7 and
11 days, respectively. Within this time frame, the otolith membranes of cultured maculae were only
marginally restored, allowing good visibility of hair cells and their sensory hair bundles. In cross-
section, the cell and hair bundle morphology of cultured organs was similar to that of normal animals
although there was a tendency at longer times for the cultured sacculus to round up and transform
into an de-differentiated epithelium. This tendency was suppressed in saccular maculae incubated
in amphibian culture medium supplemented with non-essential amino acids. Saccular maculae
cultured with intact otolith membranes and nervous innervation also maintained normal cell and hair
bundle morphology for longer periods than other saccular maculae.

Organ cultures incubated for 6 or 12 hrs in amphibian culture medium supplemented with
200 or 400 uM gentamicin sulfate displayed extensive cell and hair bundle damage by 2 days. This
damage, as in vivo, was seen throughout the saccular macula but was restricted in the utricular
macula to the striolar region. Gentamicin-treated cultures tended to round up earlier than normal
cultures. This tendency was reduced by culturing gentamicin-treated organs in amphibian culture
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medium supplemented with sodium pyruvate.

Cell proliferation in both normal and gentamicin-treated cultures consisted of a small number
of condensed BrdU-labeled progenitor cells and a large number of diffuse BrdU-labeled progeny.
BrdU-labeled cells in normal saccular cultures were seen in the macular margins and, with the
exception of the abneural margin, throughout the sensory macula. In the utriculus, BrdU labeling
was scattered throughout the medial extrastriola and concentrated on the medial striolar border.
Cell proliferation, especially in the saccular and utricular margins, was higher than in vivo and was
up-regulated in gentamicin-treated cultures. The majority of BrdU-labeled progeny, as in vivo, were
basement and supporting cells, although BrdU-labeled progeny were seen in both normal and
gentamicin-treated cultures. As in vivo, BrdU-labeled macular cells were more lightly labeled than
BrdU-labeled marginal cells, implying that the former cells undergo more rounds of mitotic division
than the latter cells.

Gentamicin-treated organs had many hair cells with immature hair bundles, indicating that
both cell proliferation and hair cell regeneration were supported by our culture conditions. Hair cell
recovery, as in vivo, was more complete in the utriculus than the sacculus and, in the sacculus, was
less complete in the central macula than in the macular margins. Hair cell recovery under in vitro
conditions was less complete than that seen in vivo. In vivo, for example, hair cell recovery began
within 1-2 days of gentamicin treatment and hair bundle density returned to 75-100% of its normal
value by 7-9 days. By contrast, hair bundle density in organ culture returned to only 50% of its
normal value in the same time period. The distribution of stereociliary height in gentamicin-treated
cultures was also shifted to lower values than in normal cultures, reflecting the loss of existing hair
cells and the creation of new hair cells with immature hair bundles. This distribution was also
broader than that in normal cultures, suggesting that immature hair cells were forming and maturing
throughout the incubation period.

To determine if hair cell regeneration could take place in the absence of cell proliferation,
we cultured saccular and utricular maculae in amphibian culture medium supplemented with
aphidicolin, a blocker of DNA replication. In these experiments, normal and gentamicin-treated
organs were cultured for 7-9 days in amphibian culture medium supplemented with 25 uM
aphidicolin. Aphidicolin was highly successful in blocking cell proliferation, eliminating diffuse BrdU-
labeling in both normal and gentamicin-treated organs. Condensed BrdU-labeled cells, on the other
hand, were similar in number in organs cultured with and without aphidicolin. Condensed cells, as
in vivo, were found adjacent to the basement membrane or at the lumenal surface. The latter cells
exhibited mitotic figures, indicating that they were in the process of cell division. Normal organs
cultured in aphidicolin-supplemented medium had normal cell and hair bundle morphology. Hair cell
recovery, measured by hair bundle density, was similar in gentamicin-treated organs cultured in
normal or aphidicolin-supplemented amphibian culture medium. These preliminary results confirm
that mitotic division is not required for hair cell regeneration and suggest that early hair cell recovery
after gentamicin ototoxicity is largely due to non-mitotic mechanisms. Preliminary results of our
aphidicolin studies were presented at the 1994 Mechanisms of Sensory Regeneration Conference
(D) and the 1995 ARO Midwinter research meeting (H). We will soon submit these studies in
manuscript form to Science magazine (L).
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Regional differences in lectin binding patterns of vestibular hair cells
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Surface glycoconjugates of hair cells and supporting cells in the vestibular endorgans of the bullfrog were identified using biotinylated lectins
with different carbohydrate specificities. Lectin binding in hair cells was consistent with the presence of glucose and mannose (CON A),
galactose (RCA-1), N-acetylglucosamine (WGA), N-acetylgalactosamine (VVA), but not fucose (UEA-I) residues. Hair cells in the bullfrog
sacculus, unlike those in the utriculus and semicircular canals, did not stain for N-acetylglucosamine (WGA) or N-acetylgalactosamine (VVA).
By contrast, WGA and, to a lesser extent, VVA, differentially stained utricular and semicircular canal hair cells, labeling hair cells located in
peripheral, but not central, regions. In mammals, WGA uniformly labeled- Type [ hair cells while labeling, as in the bullfrog, Type II hair cells
only in peripheral regions. These regional variations were retained after enzymatic digestion. We conclude that vestibular hair cells differ in their
surface glycoconjugates and that differences in lectin binding patterns can be used to identify hair cell types and to infer the epithelial origin of

isolated vestibular hair cells.

Lectins; Glycoconjugates; Otolith organs; Semicircular canals; Bullfrog; Guinea pig

Introduction

The surface coat of eukaryotic cells consists of ex-
tracellular carbohydrate chains of membrane-bound or
membrane-associated glycoconjugates (Luft, 1976;
Hook et al., 1984). These cell surface glycoconjugates
include the glycolipids, glycoproteins, and the proteo-
glycans with their glycosaminoglycan groups (Glick and
Flowers, 1978). A common feature of the glycoconju-
gates is the presence of negatively-charged carbohy-
drates bound to either protein or lipid molecules. Al-
though few of these functions have been directly
demonstrated, cell surface glycoconjugates are sus-
pected of subserving important functions in neural
development, including cell differentiation, recogni-
tion, and adhesion (Edelman, 1984; Dodd and Jessell,
1986; Peinado et al., 1987).

The presence of a glycoconjugate-rich surface coat
surrounding hair cells and supporting cells of the verte-
brate inner ear has been well documented. Hirokawa
and Tilney (1982), using frozenm, unfixed tissue, de-
scribed a network of fibrils associated with the plasma
membrane of hair cell stereocilia in the chick vestibu-
lar organs. The presence of negatively-charged glyco-
conjugates associated with the plasma membrane of
cochlear and vestibular hair cells has also been indi-
rectly demonstrated by binding experiments with poly-

Correspondence to: Richard A. Baird, R.S. Dow Neurological Sci-
ences Institute, 1120 NW 20th Avenue, Portland. OR 97209. USA.

cationic ferritin (Flock et al., 1977), ruthenium red
(Slepecky and Chamberiain, 1985; Khan et al., 1990),
alcian blue (Santi and Anderson, 1986; 1987) and tan-
nic acid (Prieto and Merchan, 1986; Khan et al., 1990).

Lectins, non-immune proteins able to recognize spe-
cific carbohydrate structures, have been widely used as
biochemical tools to identify and localize specific glyco-
conjugates in cell membranes (Sharon and Lis, 1982;
Lis and Sharon, 1986). Lectins have previously been
used to examine carbohydrates present in the tectorial
(Gil-Loyzaga et al., 1985a; Khalkhali-Ellis et al., 1987,
Sugiyama et al., 1991; Tachibana et al., 1987a,c) and
cupular and otolith membranes (Gil-Loyzaga et al.,
1985b; Tachibana et al., 1987b). They have also been
used to study the expression of specific glycoconjugates
in the inner ear endorgans during postnatal develop-
ment (Rueda and Lim, 1988; Lim and Rueda, 1990;
Prieto et al., 1990; Endo et al., 1991). More recently,
investigators have used lectins to demonstrate the pres-
ence of a number of carbohydrates on the apical sur-
face of hair cells in the cochlea and vestibular endor-
gans (Gil-Loyzaga and Brownell. 1988; Khan et al.,
1991). They have not, however, attempted to examine
regional variations in the glycoconjugate composition
of hair cells within individual inner ear endorgans. This
is of critical importance in the vestibular endorgans,
where Type I and Type II hair cells with differing hair
bundle and cell body morphology are located in close
proximity to one another (Lindeman, 1969a; Wersall
and Bagger-Sjoback, 1974). Variations in hair bundle
morphology are particularly striking in the bullfrog



152

otolith organs, where several types of Type II hair cells
differing in hair bundle morphology (Lewis and Li,
1975; Baird and Lewis, 1986) and physiological re-
sponse properties {(Baird, 1992, 1993a,b) have been
described.

In our laboratory, we are studying the development
and differentiation of hair cell types in the vestibular
endorgans. These studies have been hampered by a
lack of cell specific markers that could be used to
identify subpopulations of vestibular hair cells. Separa-
tion methods used to date have used differences in cell
body and hair bundle morphology. It would be highly
desirable to separate and characterize subpopulations
of hair cells on the basis of their biochemical pheno-
type. We were also interested in determining whether
enzymatically dissociated hair cells maintained their
ability to bind specific lectins and, if so, whether differ-
ences in lectin binding patterns could be used to infer
the epithelial origin of isolated vestibular hair cells. As
recent patch-clamp studies have found, it is difficult to
infer the epithelial origin of a hair cell once it has been
isolated from the sensory epithelium. This problem is
compounded in higher vertebrates, where Type I hair
cells (Correia and Lang, 1989; Valat et al., 1989; Ren-
nie and Ashmore, 1991) do not retain their cellular
morphology after enzymatic dissociation.

In the present study, we used biotinylated lectin
probes to identify and characterize the surface glyco-
conjugates of hair cells in the vestibular endorgans.
The primary aim of these studies was to determine if
hair cells in different epithelial regions could be distin-
guished by their surface glycoconjugates. Our results
demonstrate that vestibular hair cells in central and
peripheral epithelial regions differ in their lectin bind-
ing patterns. These differences are preserved after
enzymatic dissociation, demonstrating that they can be
used to separate Type I and Type 1I hair cells and to
infer the epithelial origin of isolated vestibular hair
cells.

Preliminary accounts of portions of this data have
been presented in abstract form (Baird et al., 1991).

Methods
Removal of the vestibular endorgans

Adult bullfrogs (Rana catesbeiana) were anes-
thetized by immersion in 0.2% MS-222; guinea pigs
(Cavia porcellus) received intraperitoneal injections of
Nembutal (50 mg/kg body wt). Anesthetized animals
were decapitated and the sacculus, utriculus, and hori-
zontal and anterior vertical semicircular canals were
dissected from the membranous labyrinth and main-
tained in cold, oxygenated physiological saline. The
cupular and otolith membranes of vestibular endorgans

were removed with gentle mechanical agitation follow-
ing a 15-45 min proteolytic digestion in 30 wg/ml
subtilopeptidase BPN' (Sigma). Vestibular endorgans
were then trimmed of excess nerve and connective
tissue to improve the visibility of hair bundles and, in
some experiments, sectioned with a teflon-coated dou-
ble-edge razor to separate central and peripheral re-
gions of the sensory epithelium.

Isolation of vestibular hair cells

Hair cells and supporting cells were isolated from
the sacculus and horizontal and anterior vertical semi-
circular canals by enzymatically dissociating the appro-
priate endorgan for 20-45 min with 500 wg/ml papain
(CalBiochem) and 300 ug/ml L-cysteine (Sigma) dis-
solved in Ca?*-free, PIPES-buffered saline (pH = 7.25).
The utricular macula was pre-treated for 5 min with
250 pwg/ml collagenase (Sigma, Fraction IV) dissolved
in the same buffer. After enzymatic dissociation, en-
dorgans were washed for 10-20 min each in 500 ug/ml
bovine serum albumin (BSA) and 2 wg/ml DNAse 1
(Sigma) dissolved in standard HEPES-buffered saline.
They were then mechanically triturated with fire-
polished pasteur pipettes, depositing isolated cells into
small cover-slipped chambers. Isolated cells were al-
lowed 15-20 min to settle to the chamber bottom. In
early studies, chamber bottoms were coated with 1
mg/ml poly-L-lysine (Sigma, > 300,000 molwt.). In
later experiments, isolated cells were embedded in a
1% solution of low-temperature agarose (BioRad). This
change did not affect lectin binding patterns, but did
enable larger numbers of isolated cells to survive histo-
logical processing.

Lectin histochemistry

Vestibular endorgans and isolated vestibular hair
cells were fixed by immersion for 1-4 h in 4% PFA
and rinsed with 0.02M phosphate buffered saline con-
taining 0.5 mM CaCl, (PBS). If desired, vestibular
endorgans were pre-treated for 1 h with 0.1 U/ml
neuraminidase (Calbiochem, Vibrio cholerae) to remove
sialic acid residues. Endorgans were then pre-treated
for 1 h in 3% BSA to block non-specific binding sites,
rinsed briefly in PBS, and incubated for 1 h in biotiny-
lated lectins (E-Y Labs) diluted 50-100 wg/ml in PBS.
Lectins from other suppliers produced weaker re-
sponses than those from E-Y Laboratories. The lectins
studied, their carbohydrate specificities, and their in-
hibitory sugars are listed in Table I.

Biotinylated lectins were visualized by incubating
vestibular endorgans for 1 h in 10 pg/ml streptavidin-
Texas Red conjugate (Amersham). Agarose-embedded
hair cells were reacted with biotinylated lectins as
above except that all incubation times were halved



TABLE 1

Lectins used for characterization of vestibular hair cells

Lectin Abbrevi- Carbohydrate Inhibitory
(common name) ation specificity sugar

Canavalia ensiformis CON A a-Man » a-Glc a-methyl
(jack bean) mannopyranoside

Galanthus nivalis GNA a-Man a-methyl
(snowdrop) mannopyranoside
Griffonia simplicifolia GS-11 a,B-GleNAc B-GlcNAc
(no common name)

Ricinus communis-I  RCA-1  B-Gal B-Gal
(castor bean)

Ulex europaeus UEA-I a-Fuc a-Fuc
(gorse seed)

Vicia villosa VVA a-GalNAc a-GalNAc
(hatry vetch)

Triticum vulgaris WGA  B-GleNAc, Bb-GlcNAc,
(wheat germ) NeuSAc NeuSAc

Fuc, fucose; Gal, galactose; GalNAc, N-acetylgalactosimine; Glc,
glucose; GIcNAc, N-acetylglucosamine; Man, mannose; NeuSAc.
neuraminic (sialic) acid.

TABLE II

Lectin binding patterns in the vestibular endorgans
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from those used for vestibular endorgans. Controls for
lectin staining included: (1) exposure of tissue to strep-
tavidin-Texas Red conjugate without lectin and (2)
pre-incubation of lectins with 0.1 M-1.0 M of the
appropriate inhibitory sugar (Table I).

At the completion of histological procedures,
vestibular endorgans and agarose-embedded hair cells
were mounted in Fluoromount (Fischer Scientific) and
examined with X40 and X 63 oil-immersion objectives
using Nomarski optics and epifluorescent illumination.
Vestibular endorgans were also dehydrated in ethanol,
embedded in glycol methacrylate (Polysciences, JB-4),
and serially sectioned at 5-10 wm. In sectioned mate-
rial, Type I hair cells were identified by the presence of
a calyx ending (Lindeman, 1969a; Wersall and Bagger-
Sjoback, 1974). Type 11 hair cell subtypes were identi-
fied, as in previous studies (Baird, 1992; Baird 1993a,b),
from their macular location and hair bundle morphol-
ogy (Fig. 1). Nomarski photomicrographs were taken
with Tech-Pan film developed to ASA 50 with HC-110
developer. Fluorescent photomicrographs were pho-
tographed, whenever possible, at similar illumination
and exposure times with T-Max 400 and 3200 film
(Kodak).

Lectin Sacculush Utriculus Semicircular Canals
HC SC HC S HC SC
S ES 1 P
CONA ++ + + + + 4+ + +++ + + ++ + ++++ +
+ + ++ + + ++ + +
GNA ++ + + + + - + + + -
+ + + + +
GS-1i - - - - - - - -
+ + + + +
RCA-1 +++ + + +++ 4+ +++++ + + 4+ + ++++ + -
UEA-I - - - - - - - -
+ + + + +
VVA + + - + + + - + + -
+ + + +
WGA - - - ++ + + - ++ ++
WGA & + + - ++ + ++ + - ++ + +++
neuraminidase - - - -

Degree of lectin binding on apicai surface of hair cells (HC) and supporting cells (SC) based on a visual assessment of relative staining intensity
on a scale from +, least stained, to + + + + +, most stained, with — corresponding to no staining. Each value was obtained from examination
of ten or more stained sections. Where applicable, HC staining 1s separated into hair bundle (top) and apical surface. (bottom) staining.
respectively. S, striola; ES, extrastriola: 1. Isthmus; P, Planum semilunatum.
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Results

In agreement with earlier studies (Gil-Loyzaga et
al., 1985b; Takumida et al., 1989c¢), significant lectin
staining was observed in the cupular and otolithic
membranes. For many lectins, this staining was so
intense that it obscured the lighter staining of the
sensory epithelium. This was particularly true for CON
A, RCA-1, and WGA. By contrast, little or no staining
of these structures was seen with UEA-I.

With the cupular or otolithic membrane removed,
lectin binding was generally confined to the apical
surfaces of hair cells and supporting cells. The lectin
binding patterns of lectins in the sacculus, utriculus,
and horizontal and anterior vertical semicircular canals
are summarized in Table II. Endorgans incubated
without lectins or lectins pre-incubated with their in-
hibitory sugars exhibited no specific staining (Fig. 3d).

Amphibian vestibular endorgans

Sacculus

The hair bundle morphology and macular distribu-
tion of hair cells in the bullfrog sacculus are illustrated
in Fig. 1. The saccular macula is composed largely of
hair cells with short stereocilia and bulbed kinocilia no
longer than their longest stereocilia (Type D). These
hair cells occupy the entire central region of the mac-
ula inside the first 2-4 rows of its perimeter. A second
type of hair cell, located on the perimeter of the
saccular macula, has very short stereocilia and kinocilia
longer than its longest stereocilia (Type A).

Lectin binding patterns in the sacculus are illus-
trated in Fig. 2. Two lectins - CON A and RCA-I -
strongly labeled peripheral remnants of the otolithic
membrane and, less strongly, supporting cells and the
hair bundles of hair cells (Figs. 2a,b). A similar, albeit
weaker, response was seen for WGA (Fig. 2c). CON A,
unlike RCA-I and WGA, also labeled the apical sur-
faces of saccular hair cells. The latter two lectins
labeled only the apical surfaces of supporting cells,
leaving unlabeled the apical surfaces of hair cells (Figs.
2b,c). A fourth lectin, VVA, weakly labeled the hair
bundles of hair cells but not supporting cells (Fig. 2d).
GS-11 and UEA-I weakly labeled the apical surfaces,
but not the hair bundles, of saccular hair cells.

The binding pattern of GNA, a lectin with a strong
affinity for mannose but not glucose residues (Gold-
stein and Poretz, 1986), was significantly weaker than
that of CON A, suggesting that CON A binding was
due to the presence of both glucose and mannose
residues. Lectin staining produced by WGA was
stronger when preceded by neuraminidase treatment,
suggesting that sialic residues blocked the access of this
lectin to N-acetylglucosamine residues (Peters et al.,
1670; Monsigny et al., 1980: Debray et al., 1981).

Fig. 1. Surface maps of the sensory surfaces of the bullfrog sacculus
(top left), utriculus (lower left) and horizontal and anterior vertical
semicircular canals (bottom right). showing the distributions of
vestibular hair cell types. Idealized cross-sections (drawn to scale) of
the hair bundles of vestibular hair cells are shown to the right of
each endorgan. S, Striola; ES, Extrastriola; I, Isthmus; P, Planum
semilunatum; A-H correspond to the hair type. Scale bar, 250 um.

Utriculus

The utricular macula in the bullfrog is divided into
medial and lateral parts by the striola, a narrow rib-
bon-shaped zone that runs for the length of the sensory
epithelium near its lateral border (Wersall and
Bagger-Sjoback, 1974; Lewis and Li, 1975). Hair cells
in the bullfrog utriculus differ significantly in hair
bundle morphology (Fig. 1). Type B hair cells, the
predominant hair cell type in the utricular macula,
have uniformly short stereocilia and kinocilia 2-6 X as
long as their longest stereocilia. These cells are found
throughout the medial and lateral extrastriola and,
more rarely, in the striolar region. Three other hair cell
types are confined to the striolar region. Type C hair
cells, found throughout the striolar region, resemble an
enlarged version of the predominant hair cell type.
Moving inward. these cells are gradually replaced by



Type F hair cells, cells with shorter kinocilia and visibly
larger hair bundles. Type E hair cells, restricted to the
inner striolar rows, have short kinocilia with prominent
kinociliary bulbs.

Lectin binding patterns in the bullfrog utriculus are
illustrated in Fig. 3 and Fig. 4. CON A and RCA-], as
in the sacculus, strongly labeled the hair bundles of all
hair cells, regardless of their macular location (Figs.
3a,b;4a,b). By contrast, WGA (Figs. 3c:4c) and, to a
lesser extent, VVA (Fig. 4d), labeled the hair bundles
of extrastriolar, but not striolar, hair cells. As in the
sacculus, CON A strongly labeled the apical surface as
well as the hair bundles of hair cells (Fig. 4b). A
similar, weaker, response was seen for RCA-I and
VVA (Figs. 4a,d). GS-1I and UEA, as in the sacculus,
weakly labeled the apical surfaces but not the hair
bundles of hair cells. Basal staining was not observed

wn
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with any lectin except for VVA and, with this lectin,
was most pronounced in the striolar region (Figs. 4a-d).

The regional pattern of lectin binding associated
with WGA was not correlated with differences in hair
bundle morphology. Type B hair cells, for example,
although found throughout the utricular macula (Fig.
1), were labeled only in the extrastriolar region (Fig.
4c). Furthermore, striolar hair cells with differing hair
bundle morphology did not exhibit different lectin
binding patterns (Fig. 3¢,4c¢).

Semicircular canals

The semicircular canals in the bullfrog consist of a
central isthmus and one (horizontal canal) or two
(vertical canals) planar extensions (Fig. 1). Hair cells in
the semicircular canals have significantly longer
kinocilia than hair cells in the otolith organs. In the

Fig. 2. Lectin binding patterns to CON A (a), RCA-] (b). WGA (c¢) and VVA (d) in the wholemount bullfrog sacculus. Photomicrographs exposed
for 1 s at ASA 400. Scale bar, 250 um.
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planar extensions, hair cells have short stereocilia (Tvpe
H). Hair cells in the central isthmus, on the other
hand, have stereocilia only slightly shorter than their
kinocilia (Type G).

Lectin binding patterns in the semicircular canals,
illustrated in Fig. 5, were similar to those in the utricu-
lar macula. RCA-1 and CON A, as in the utriculus,
labeled the hair bundles of all hair cells, regardless of
their epithelial location (Fig. 5a). By contrast, WGA
labeled the hair bundles of hair cells in the planar
extensions but not the central isthmus (Fig. 5b).

Mammalian vestibular endorgans

Lectin binding in the utriculus and semicircular
canals of the guinea pig was compared to their coun-
terparts in the bullfrog. CON A and RCA-I labeled the
hair bundles of both Type I and Type II hair cells,
regardless of their epithelial location. WGA labeled
the hair bundles of Type I hair cells in all regions. The
hair bundles of Type II hair cells, as in the bullfrog,
were labeled only in peripheral regions (Fig. 6).

Isolated vestibular hair cells

Lectins were also applied to hair cells isolated from
the bullfrog otolith organs and semicircular canals.
Basal staining of isolated hair cells (Fig. 7) was more
pronounced than in sectioned material (Figs. 4,5). Re-
gional differences in apical staining patterns, however,
were preserved in isolated hair cells. CON A and
RCA-I. for example, uniformly labeled the hair bun-
dles of all utricular hair cells (Fig. 7, top). WGA, on
the other hand, labeled the hair bundles of Type B hair
cells isolated from the medial extrastriola (Fig. 7, bot-
tom left) without labeling the hair bundles of hair cells
isolated from the utricular striola (Fig. 7, bottom right).
Similarly, WGA labeled hair cells isolated from the
planar extensions but not the central isthmus of the
semicircular canals (not shown).

Discussion

Our results indicate that a number of carbohydrate
residues exist on the apical surfaces of hair cells and

Fig. 3. Lectin binding patterns to CON A (a), RCA-I (b), WGA (c) and WGA pre-incubated with 1 M N-.acetylglucosamine (d) in the
wholemount bullfrog utriculus. Photomicrographs exposed for 1 s (a.b) and 30 s (c.d) at ASA 400. S. striola: MES. medial extrastriola: LES.
lateral extrastniola. Scale bar, 250 ym.
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Fig. 4. Photomicrographs of utricular cross-sections viewed with
epifluorescent illumination (top) and Nomarski optics (bottom) after
incubation with CON A (a), RCA-I (b), WGA (c) and VVA (d).
White arrows delineate limits of striolar region. In ¢, dark arrow
indicates striolar Type B hair cell unlabeled by WGA incubation.
Fluorescent photomicrographs exposed for 15 s at ASA 400 (a-c)
and 4 s at ASA 3200 (d). S, striola; MES, medial extrastriola; LES,
lateral extrastriola. Scale bar, 50 um.
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supporting cells in the vestibular endorgans. The
amount of lectin binding to these residues could not be
quantified with our techniques. The photographic ex-
posure times required to observe fluorescently labeled
lectins, however, is inversely correlated with and pro-
vides a qualitative measure of lectin binding. In partic-
ular, the intense staining produced by CON A is con-
sistent with the presence of a high concentration of
mannose and glucose residues on hair cells and sup-
porting cells (Goldstein and Hayes, 1978; Debray et al.,
1981). The lesser staining seen with GNA, a lectin with
a specific affinity for mannose residues (Goldstein and
Poretz, 1986), suggests that CON A staining was due to
both glucose and mannose residues. Similarly, the heavy
staining produced by RCA-I indicates an abundance of
galactose residues on these cells (Hennigar et al., 1978;
Baenzinger and Fiete, 1979). The relatively lighter
staining seen in endorgans treated with WGA suggests
a lower concentration of N-acetylglucosamine
(GIcNAC) or sialic acid (Peters et al., 1979; Monsigny
et al., 1980; Debray et al., 1981). The increase in
staining to WGA seen in endorgans pre-treated with
neuraminidase suggests that much of this staining was
due to contiguous GIcNAc masked by sialic acid
residues. This interpretation is supported by the poor
staining seen with GS-II, a lectin which does not pos-
sess an extended binding site and recognizes only ter-
minal GlcNAc residues (Ebisu et al., 1978; Goldstein
et al., 1981). The staining density of VVA was even
lower than that of WGA, suggesting that N-acetylga-
lactosamine (GalNAc) residues are relatively rare in
the vestibular endorgans (Tollefsen and Kornfeld, 1983;
Goldstein and Poretz, 1987). Other lectins, such as
UEA-I, bound only weakly to hair cells, indicating a
lack of fucose residues (Allen et al., 1977, Periera et
al., 1978; Sugii et al., 1982).

Cell surface glycoconjugates include the glycolipids,
glycoproteins, and the proteoglycans with their gly-
cosaminoglycan groups (Glick and Flowers, 1978). The
carbohydrate residues detected in our experiments are
probably attached to glycoproteins since proteoglycans
are generally not detected by lectin histochemistry and
glycolipids are not well preserved by paraformaldehyde
fixation (Spicer and Schulte, 1992). Glycoproteins con-
sist of a protein backbone with oligosaccharide side
chains and fall into two main categories according to
the attachment of their oligosaccharides to the peptide
chain (Kornfeld and Kornfeld, 1985). These include
glycoproteins in which a terminal GalNAc is O-linked
to serine or threonine and those in which a terminal
GlcNAc is N-linked to asparagine. The intense stain-
ing by CON A suggests that most glycoproteins in the
vestibular endorgans are of the N-linked type. This
lectin has its strongest affinity for the core region of
high mannose, N-linked glycoproteins (Debray et al.,
1981) and does not detect O-linked glycoproteins, since
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O-linked chains generally do not contain the mannose
residues on which the lectin affinity depends (Loomis
et al., 1987). The intense staining to RCA-I further
suggests that these N-linked glycoproteins may be of
the high N-acetyllactosamine (GalNAcb1,4GlcNAc)
subtype (Kornfeld and Kornfeld, 1985). The weaker
binding produced by WGA is consistent with this inter-
pretation since this lectin does not bind strongly to

lactosamine oligosaccharides (Debray et al., 1981). The
presence of VVA staining, however, demonstrates that
O-linked glycoproteins are also.present. This lectin
does not detect N-linked chains, since these glycocon-
jugates lack GalNAc (Tollefsen.et al., 1983; Kornfeld
and Kornfeld, 1985).

With the exception of the bullfrog sacculus (see
below), our results are largely in agreement with the

Fig. 5. Photomicrographs of cross-sectioned central isthmus (a,c) and planum semilunatum (b.d) of the bullfrog anterior vertical semicircular
canal under epifluorescent illumination (left) and Nomarski optics {right) after incubation with CON A (a,b) and WGA (c.d). Fluorescent
photomicrographs exposed for 15 s at ASA 400. L. Isthmus; P. Planum semilunatum. Scale bar. 100 um.



results of previous lectin binding studies in fish (Khan
et al, 1991), rats (Gil-Loygaza et al., 1983b), and
guinea pigs (Tachibana et al., 1987b; Takumida et al.,
1989b), suggesting that the glycocalyx of vestibular hair
cells is strongly conserved in the lower and higher
vertebrates. Similar results have also been obtained in
inner hair célls (Gil-Loygaza et al., 1985a; Gil-Loygaza
and Brownell, 1988; Khalkhali-Ellis et al., 1987,
Tachibana et al., 1987a,c; Lim and Rueda, 1990; Prieto
et al., 1990), suggesting that the glycocalyx of auditory
and vestibular hair cells is not dissimilar. These stud-
ies, using lectin probes, demonstrated the presence of
glucose and mannose (CON A), galactose (RCA-I),
and GIcNAc (WGA) residues and the absence of
GalNAc (VVA) and fucose (UEA-I) residues on hair
cells. Unlike previous studies, the staining produced by
WGA in our study was significantly weaker than that
seen to CON A or RCA-I. The reason for this discrep-
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ancy is not clear. but may be age-related since WGA
labeling declines progressively during postnatal devel-
opment (Endo et al., 1991).

Our results also differ from previous histochemical
observations (Gil-Loygaza et al., 1985b, Tachibana et
al., 1987b; Takumida et al., 1989b) but confirm bio-
chemical data (Khalaki-Ellis et al., 1987) in showing
the presence of GalNAc residues on vestibular hair
cells. Presumably, this sugar was not detected in earlier
studies because these studies used HPA rather than
VVA to detect GalNAc residues. Lectins which bind
GalNAc differ in their affinity for different oligosac-
charides with terminal GalNAc (Debray et al., 1981;
Sugiyama et al., 1991). In particular, VVA is specific
for terminal a-linked GalNAc and binds preferentially
to the disaccharides GalNAc-al,3Gal and GalNAc-
al,6Gal (Kaladas et al., 1981). Negligible staining with
HPA in previous experiments suggests the absence of

Fig. 6. Photomicrographs of cross-sectioned central isthmus of the guinea pig horizontal semicircular canal under epifluorescent illumination

(left) and Nomarski optics (right) after incubation with WGA. Arrows indicate Type [l hair cells unlabeled by WGA incubation. Insets of boxed

region shown at top left and top right. Fluorescent photomicrographs exposed for 1/2 s at ASA 3200. I, Type 1 hair cell; 11, Type II hair cell
Scale bar. 25 um (top). S0 um (hottom).
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GalNAc-al,3GalNAc for which this lectin has a high
affinity (Baker et al., 1986). Outer hair cells, unlike
inner hair cells and vestibular hair cells, are strongly
labeled by HPA (Gil-Loygaza and Brownell, 1988).

Lectin binding patterns in the bullfrog sacculus were
distinctly different from those in other vestibular en-
dorgans. Saccular hair cells, unlike those in the utricu-
lus or semicircular canals, were only weakly labeled by
lectins and displayed a marked absence of staining to
WGA and VVA. Unlike the latter endorgans, the
bullfrog sacculus also did not exhibit regional varia-
tions in its binding patterns (see below). These differ-
ences may be correlated with the distinctive function of
this endorgan which, unlike the sacculus of higher
vertebrates, is a sensor of substrate-vibration (Koyama
et al., 1982; Lewis et al., 1982).

In the utriculus and semicircular canals, WGA and,
to a lesser extent, VVA, selectively labeled hair cells in
different epithelial zones. In particular, these lectins
labeled hair cells in peripheral regions but not those

CON A

WGA

EXTRASTRIOLAR

located in more central regions. In mammals, WGA
uniformly fabeled Type I but not Type II hair cells,
demonstrating that this regional variation was confined
to Type I hair cells. Among Type II hair ceils, this
regional variation was not correlated with hair bundie
morphology. In the bullfrog utriculus, for example,
WGA labeled Type B hair cells in the extrastriolar, but
not the striolar, regions. Regional variations in WGA
staining were also preserved after enzymatic digestion,
demonstrating that this lectin can be a useful probe for
separating Type I and Type II hair cells from central
epithelial regions and for infering the epithelial origins
of isolated Type II hair cells.

In retrospect, it is surprising that regional variations
in lectin binding were not recognized in earlier studies.
This might be because most previous investigations
were made in mammalian tissue. Regional variations in
lectin binding, while preserved in mammalian tissue,
are more difficult to visualize because they are ob-
scured by differences in the lectin binding of Type I

A i

STRIOLAR

Fig. 7. Lectin binding patterns to CON A (top) and WGA (bottom) in utricular hair cells isolated from the medial extrastriola (left) and the
striofar region (right). Fluorescent phatomicrographs exposed for s at ASA 3200. B. Type B: E. Type E: F. Tvpe F. Scale bar. 10 um.



and Type II hair cells. In addition, most previous
studies of lectin binding were carried out in sectioned
material rather than wholemount endorgans. Regional
variations in lectin binding would be more difficult to
observe at this level. Many previous investigations have
also used FITC-labeled lectins, resulting in a weaker
and less specific staining than that obtained with bi-
otinylated lectins (R. Baird, unpublished observations).

The exact role(s) that glycoconjugates play in inner
ear function have not vyet been established.
Membrane-bound glycoconjugates usually function lo-
cally in receptor activity, influencing ion transport
across cell membranes (Spicer and Schulte, 1992). In
hair cells, it has been suggested that the negative
charges on these glycoconjugates, by influencing the
surface charge of the plasma membrane, may play a
role in sensory transduction by maintaining the in-
tegrity of the stereociliary array (Flock et al., 1977;
Slepecky and Chamberlain, 1985, Neugebauer and
Thurm, 1986; Santi and Anderson, 1987). It has also
been suggested that the negative charge of these glvco-
conjugates may control the microenvironment of the
transduction channel (Slepecky and Chamberlain,
1985), sequestering ions such as calcium that are im-
portant for maintaining mechanoelectric transduction
(Assad et al., 1991; Crawford et al., 1991) and adapta-
tion (Eatock et al., 1985; Crawford et al., 1989). Re-
gional variations in lectin binding may therefore reflect
differences in the transduction mechanisms of striolar
and extrastriolar hair cells.

Glycoconjugates are also undoubtedly involved in
drug-induced ototoxicity processes (Flock et al., 1977).
It has been recently speculated (Schacht, 1986) that
aminoglycoside antibiotics bind electrostatically with
negatively charged components of the hair cell glycoca-
lyx prior to being transported into the hair cell by an
energy-dependent transport process (Takada et al.,
1985). It has also been suggested that morphological
changes observed in gentamicin-treated animals are
due to a gradual decrease in the thickness of the
glycocalyx (Takumida et al., 1989a) and that, once
inside the cell, aminoglycoside antibiotics interfere with
glycoconjugate biosynthesis (Schacht, 1986; DeGroot
and Veldman, 1988; Takumida et al., 1989c). Thus, the
resistance of hair cells to aminoglycoside antibiotics
may be correlated with the size and integrity of their
glycoconjugate coat. Vestibular hair cells are known to
be differentially sensitive to aminoglycoside antibiotics.
In the bullfrog, for example, gentamicin is known to
damage saccular hair cells more than utricular hair
cells (Baird et al., 1993). Moreover, these antibiotics
have been shown to selectively affect hair cells in
central epithelial regions (Lindeman, 1969b; Yan et al.,
1992; Baird et al., 1993). This pattern of selective
sensitivity is correlated with the lectin binding pattern
of WGA to utricular and semicircular canal hair cells.
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[t is also possible that glycoconjugates play a role in
inner ear development. In other systems, glycoconju-
gates are known to play important roles in cell recogni-
tion and adhesion, serving as recognition markers for
specific subsets of sensory cells (Edelman, 1984; Dodd
and Jessell, 1986; Peinado et all, 1987). In the inner
ear, glycoconjugates are synthesized in different cells at
different developmental times (Rueda and Lim, 1988;
Lim and Rueda, 1990; Prieto et al., 1990). In a recent
study, Endo et al. (1991) have also demonstrated that
WGA labeling of the otolith membrane, otoconia, and
the sensory epithelium is high in the early embryo and
declines progressively during postnatal! development.
Because differences in WGA binding were correlated
with epithelial location and not hair cell type per se, it
seems unlikely that glycoconjugates control the differ-
entiation of individual hair cell types in the vestibular
endorgans. It is possible, however, that glycoconjugates
are used to define the central epithelial regions of
vestibular endorgans during development. Glycoconju-
gates might also be involved in the formation of the
cupular or otolith membranes or in determining the
relationship between hair cells and these accessory
structures. It has previously been suggested that hair
cells with differing hair bundle morphology may be
coupled to the cupular or otolith membrane in differ-
ent ways (Lim, 1976; Lim, 1979). Regional differences
in staining density might reflect differences in the
coupling of hair bundles to the cupular or otolith
membranes in central and peripheral regions.

In summary, our results indicate that Type I and
Type II vestibular hair cells and Type II hair cells in
different epithelial regions differ in their complement
of surface glycoconjugates. We conclude that lectin
probes are useful for separating and identifying Type 1
and Type II hair cells and for infering the epithelial
origins of Type II hair cells isolated from central and
peripheral regions. Additional biochemical and physio-
logical experiments are needed to identify the surface
glycoconjugates of vestibular hair cells and to deter-
mine their role(s) in inner ear development and
mechanoelectric transduction.
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Hair cell regeneration in the bullfrog vestibular otolith organs following
aminoglycoside toxicity
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Adult bulifrogs were given single intraotic injections of the aminoglycoside antibiotic gentamicin sulfate and sacrificed at postinjection times
ranging from 0.5 to 9 days. The saccular and utricular maculae of normal and injected animals were examined in wholemount and cross-section.
Intraotic 200; M gentamicin concentrations resulted in the uniform destruction of the hair bundles and. at later times. the cell bodies of saccular
hair cells. In the utriculus, striolar hair cells were selectively damaged while extrastriolar hair cells were relatively unaffected. Regenerating hair
cells, identified in sectioned material by their small cell bodies and short, well-formed hair bundles, were seen in the saccular and utricular
maculae as early as 24-48 h postinjection. Immature versions of mature hair cell types in both otolith organs were recognized by the presence or
absence of a bulbed kinocilia and the relative lengths of their kinocilia and longest stereocilia. Utricular hair cell types with kinocilia longer than
their longest stereocilia were observed at earlier times than hair cell types with shorter kinocilia. In the sacculus, the hair bundles of
gentamicin-treated animals, even at 9 days postinjection, were significantly smaller than those of normal animals. The hair bundles of utricular
hair cells, on the other hand, reached full maturity within the same time period.

Ototoxicity; Hair cell; Regeneration; Otolith organs; Bullfrog

Introduction

Proliferation and differentiation of sensory hair cells
occurs in mammals only during embryonic develop-
ment. The auditory and vestibular systems of fish
(Corwin, 1981, 1985; Popper and Hoxter, 1984), am-
phibians (Li and Lewis, 1979; Corwin, 1985), and birds
(Jorgenson and Matthiesen, 1988; Katayama and Cor-
win, 1989; Robertson et al., 1992), on the other hand,
produce hair cells at a low level throughout life. Newly
produced hair cells in fish and amphibians are primar-
ily localized to a distinct peripheral growth zone at the
edge of the sensory epithelium. In birds, newly pro-
duced hair cells are found in all regions of the sensory
epithelium. More importantly, birds and fish retain the
capacity to rapidly increase the rate of hair cell regen-
eration following the elimination of hair cells due to
ototoxic drugs (Cruz et al., 1987; Hashino et al., 1991;
Lippe et al,, 1991; Yan et al., 1991) or noise exposure
(Corwin and Cotanche, 1988; Ryals and Rubel, 1988;
Girod et al., 1989). In these lower vertebrates, regener-
ated hair cells develop morphologically normal hair
bundles (Cotanche, 1987; Corwin and Cotanche, 1989;
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Duckert and Rubel, 1990) which, in both the auditory
(Tucci et al., 1990) and vestibular (Jones and Nelson,
1992) organs, appear to be fully functional.

Vestibular and cochlear ototoxicity is a well-known
side effect of aminoglycoside antibiotics (Lim, 1986;
Schacht, 1986). These drugs reversibly block hair cell
transduction channels (Kroese and van den Bercken,
1980; Kroese et al., 1988; Jamarillo and Hudspeth,
1991) and, after longer exposure, irreversibly disrupt
hair bundle morphology (Takumida et al., 198%a-c)
and cytoplasmic organelles (DeGroot et al, 1990;
Hashino et al., 1991), resulting in the degeneration and
extrusion of hair cells. Hair cells in the vestibular
organs are differentially sensitive to ototoxic drugs,
cells in central regions being more sensitive than cells
in more peripheral locations {Lindeman, 1969; Yan et
al., 1991).

Regeneration of hair cells following exposure to
ototoxic drugs has not been previously studied in am-
phibians. In addition, previous studies of hair cell
regeneration have not attempted to examine the devel-
opment and differentiation of specific hair cell types
within individual inner ear endorgans. This is of critical
importance in the vestibular organs, where hair cells
with differing cell body and hair bundle morphology
are located in close proximity to one another (Linde-
man, 1969; Wersall and Bagger-Sjoback, 1974). Varia-






tions in hair bundle morphology are particularly strik-
ing in the vestibular organs of the bullfrog, where
several hair cell types have previously been described
(Lewis and Li, 1975; Baird and Lewis, 1986). These
hair cell types have recently been shown to differ
dramatically in their physiological response properties
(Baird, 1992, 1993a,b).

In the present study, the aminoglycoside antibiotic
gentamicin sulfate was used to induce the degeneration
of hair cells in the vestibular otolith organs of the
bullfrog. The primary aim of this study was to deter-
mine whether hair cells in the bullfrog otolith organs
would regenerate following exposure to ototoxic drugs.
Our results reveal that hair cells in both the saccular
and utricular maculae regenerate following ototoxic
insult and that immature versions of mature hair cell
types in these endorgans are identifiable by their hair
bundle morphology.

Preliminary accounts of portions of this data have
recently been presented in abstract form (Baird et al.,
1993).

Methods

Intraotic injection of gentamicin sulfate

Adult bullfrogs (Rana catesbeiana) of either sex
weighing 100-200 g were anesthetized by immersion in
0.2% MS-222. Unlike similar experiments in mammals
(Takamida et al., 1989a—c), birds (Cruz et al., 1987;
Duckert and Rubel, 1990; Lippe et al., 1991) and fish
(Yan et al., 1991), systemic injections of gentamicin did
not result in the degeneration of vestibular hair cells in
amphibians. We therefore used an intraotic approach
to administer gentamicin to the inner ear. Using ascep-
tic technique, the right otic capsule was ventrally ex-
posed through a small hole in the roof of the mouth
and perforated, using a deburred 25 gauge syringe, at
two points immediately above the saccular macula. We
then carefully introduced a 10 u1 Hamilton syringe into
one of these perforations and slowly injected 9.5 ul of
a 500-2000 uM gentamicin sulfate solution dissolved
in low-Ca?* HEPES-buffered saline into the otic cap-
sule. Mean otic capsule volume, measured in 5 ani-
mals, was estimated to be 47.7 + 3.0 ul. This volume,
which represents an upper limit on the total (endo-
lymphatic and perilymphatic) volume of fluid space
encapsulated by the otic capsule, suggests that our
injections resulted in 100-400 xM intraotic gentamicin
sulfate concentrations. We believe, although this was
not verified histologically, that this injection procedure
resulted in a localized rupture of the membranous
labyrinth and a mixing of the endolymphatic and peri-
lymphatic fluids. Following intraotic injections, the otic
capsule was sealed with bone wax and bullfrogs were
allowed to recover from anesthesia.

Remoual of the vestibular otolith organs

Bullfrogs injected with gentamicin sulfate were re-
anesthetized with 0.2% MS-222 and decapitated 0.5-9
days following gentamicin injection. As in previous
studies (Baird, 1992, 1993a,b), saccular and utricular
maculae were dissected from the membranous labyrinth
in cold, oxygenated HEPES-buffered saline and
trimmed of excess nervous and connective tissue to
improve the visibility of hair bundles. Otolith mem-
branes were removed with gentle mechanical agitation
following a 15-45 min proteolytic digestion in 50 pg/ml
subtilopeptidase BPN’ (Sigma). Excised saccular and
utricular maculae were fixed by immersion for 2-4 h in
4% paraformaldehyde in 0.1 M phosphate buffer (pH
= 7.25), dehydrated in an ascending series of ethanol
solutions, and mounted in depression slides.

Hair cell counts

Measurements of hair cell density were made from
the saccular and utricular maculae of 5 normal, 1
saline-injected, and 15 gentamicin-injected animals.
These measurements were made by viewing whole-
mount maculae under Nomarsaki illumination with
x40,/0.9 and x63/1.25 oil immersion objectives and
counting the number of hair cells located within a
75 X 100 pwm rectangle. Hair cells were counted only if
they had a clearly recognizable hair bundle and cuticu-
lar plate. These counts were made in the central por-
tion of the sacculus and in both the striolar and medial
extrastriolar regions of the utriculus. The results of
three independent counts were made and averaged for
each endorgan. '

Hair cell morphology

To examine the cellular and hair bundle morphology
of hair cells in more detail, wholemount maculae were
embedded in glycol methacrylate (Polysciences, JB-4)
and serially sectioned at 8 um on a rotary microtome
(LKB, Historange). For 10-15 individual sections, the
boundaries of the sensory epithelium and, in the

" utriculus, the striolar region, were traced and stored to

hard disk via a video processor board (ITI, FG-100).
Hair cell types in normal material were identified, as in

. previous studies (Baird, 1992, 1993a,b), from their mac-

ular location and hair bundle morphology. The macu-
lar location of utricular hair cells was determined from
their position relative to the striolar border and the
reversal of hair bundle polarization. Hair bundle mor-
phology was classified by the size of the hair bundle,
the presence or absence of a bulbed kinocilium, and
the relative lengths of the kinocilium and longest stere-
ocilia.

Hair cells from gentamicin-treated animals were
identified as damaged, undamaged, or regenerating
from their cell body and hair bundle morphology.
Damaged hair cells had swollen cell bodies, pyknotic
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nuclei, and /or fused, splayed, or missing hair bundles.
Regenerating hair cells were identified by their small
cell bodies, small nuclei, and the presence of short,
well-formed hair bundles (see Results). To our sur-
prise, it was possible, based upon the presence or
absence of a bulbed kinocilium and the relative lengths
of the kinocilium and longest stereocilia, to identify
immature versions of mature hair cell types in both the
saccular and utricular maculae.

Results

The general appearance of the saccular and utricu-
lar maculae from one of 5 uninjected animals is shown
in Figs. 1 and 2. From above, both maculae are
kidney-shaped. The utriculus, unlike the sacculus, is

divided into medial and lateral parts by the striola, a
50-100 pxm ribbon-shaped zone, that runs for almost
the entire length of the sensory epithelium near its
lateral border (Fig. 2A). In cross section, this region is
distinguished from flanking extrastriolar regions by the
wider spacing of its hair cells and the elevated height
of its apical surface (Fig. 2B). Hair cells within the
striola reverse their hair bundle polarization near the
lateral border of the striola, separating the striola into
medial and lateral parts.

The cellular organization of both maculae is similar,
consisting of a pseudostratified columnar epithelium of
sensory hair cells interspersed with non-sensory sup-
porting cells (Figs. 1A and 2B). Hair cells occupy the
upper two-thirds of the sensory epithelium, while sup-
porting cells span its entire distance. The nuclei of hair
cells are positioned apical to those of supporting cells.

Fig. 1. Nomarski photomicrographs of toludine-blue stained cross-sections of the right saccular macula from an uninjected animal (A) and

animals sacrificed 1 day (B), 2 days (C), and 7 days (D) after 200 M gentamicin injection. In B, note the universal loss of hair bundles and the

beginnings of cellular damage in the peripheral margin (far right). In C, a partially extruded hair cell (solid arrow), regenerating hair cell {solid

pointer) and the opening left by an extruded hair cell (open arrow) are shown. Note also the large epithelial holes and apical migration of

supporting cell nuclei in the peripheral margin (far right). In D, note regenerating hair cells with no hair bundles (solid pointers) and with long
kinocilia (solid arrows). Numerous hair cells with short, bulbed kinocilia are also seen. Scale bar. 50 pm (A-D).
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s A
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Fig. 2. Surface reconstruction (A) of the wholemount utricular macula. Dashed line x----x’ indicates the plane of section seen in subsequent

figures. The striola, a ribbon-shaped zone, separates the extrastriola into medial and lateral parts. Nomarski photomicrographs of toludine-blue

stained cross-sections of the right utricular macula from an uninjected animal (B) and animals sacrificed 1 day (C), 3 days (D) and 9 days (E) after

200 uM gentamicin injection. In C, open arrow indicates an undamaged striolar hair cell with hair bundle morphology similar to that of

extrastriolar hair cells. Pointers in D and E indicate regenerating hair cells. MES, medial extrastriola; S, striola: LES, lateral extrastriola. Scale
bars, 250 um (A); 25 um (B-E).
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The basal surfaces of supporting cells rest on a base-
ment membrane which separates the sensory epithe-
lium from its afferent and efferent innervation.

The great majority of saccular hair cells have bulbed
kinocilia no longer than their longest stereocilia (Fig.
1A). These hair cells occupy the entire central region
of the macula. A second type of hair cell, with un-
bulbed kinocilia longer than its longest stereocilia, is
located around the macular perimeter. This hair cell is
known from previous studies to be a growth precursor
of mature saccular hair cells (Li and Lewis, 1979;
Corwin, 1985). Hair cells in the utriculus, unlike the
sacculus, differ significantly in hair bundle morphology
in different membrane regions (Lewis and Li, 1975;
Baird and Lewis, 1986). The predominant hair cell type
in the utriculus has short stereocilia and kinocilia 2-6
times as long as its longest stereocilia. These hair cells
are found throughout the medial and lateral extrastri-
ola and, more rarely, in the striolar region. Three other
hair cell types, with a variety of hair bundle morpholo-
gies, are confined to the striolar region.

Cell body and hair bundle morphology in an animal
injected with HEPES-buffer was similar to that of
uninjected animals. In gentamicin-treated animals, on
the other hand, rapid changes in the cell body and hair
bundle morphology of saccular and utricular hair cells
were observed following gentamicin injection. The ef-
fects of gentamicin treatment were quantified by com-
paring hair cell density in the saccular and utricular
maculae of normal animals with those of animals in-
jected with HEPES-buffer or varying concentrations of
gentamicin sulfate (Fig. 3). Hair cell density in the
utricular striola and extrastriola of an animal 24 h after

0.04 T T T T T

0.03

0.02

0.01

HAIR CELL DENSITY (HC/um-2)

0.00
0 100 150 200 400

GENTAMICIN CONCENTRATION (uM)
Fig. 3. Scale bar graphs of hair cell density in the sacculus and the
striolar and medial extrastriolar regions of the utriculus for 5 unin-
jected animals and 5 animals sacrificed 1 day after receiving injec-
tions of varying concentrations of gentamicin sulfate. Values, means
+ standard deviations. Sacculus, (8); Utricular striola (0); Utricular
extrastriola (m),

injection of HEPES-buffer was only slightly less than
that in normal animals (0.012 vs. 0.014 and 0.028 vs.
0.030, respectively). This difference was not statistically
significant ( P > 0.05). Injections of gentamicin sulfate,
on the other hand, caused large decreases in hair cell
density. Hair cell density in the sacculus began to drop
for gentamicin concentrations as low as 100 uM and
continued to decrease with increasing gentamicin con-
centration. Injections of 200 pM gentamicin sulfate
resulted, within 24 h, in the complete degeneration of
all saccular hair cells. In the utriculus, on the other
hand, gentamicin concentrations <200 pM did not
significantly decrease striolar or extrastriolar hair cell
density below that of normal animals (P > 0.4). For 200
1M concentrations, there was a significant drop in
striolar ( P < 0.0005) but little or no effect on extrastri-
olar (P > 0.4) hair cell density. Animals did not survive
400 uM gentamicin concentrations. We therefore chose
to use 200 uM intraotic injections for the remainder of
these studies.

The first sign of gentamicin toxicity, seen within
12-24 hours following gentamicin injection, was a
gradual degeneration of the hair bundle (Figs. 1B and
20C). This degeneration began with a splaying or fusion
of individual stereocilia and culminated with the disap-
pearance of the hair bundle. By 24-48 h, further
changes were observed in the sensory epithelium of the
saccular and utricular maculae. These included hair
cells with swollen nuclei and cell bodies, hair cells with
absent or pyknotic nuclei, and hair cells with breaks in
their plasma membrane (Figs. 1C and 2D). Partially
extruded hair cells, particularly in the saccular macula,
were often observed (solid arrow, Fig. 1C). Large ep-
ithelial holes surrounded on either side by supporting
cells were also seen, suggesting the extrusion of many
additional hair cells from the sensory epithelium (open
arrow, Fig. 1C). These holes were especially prominent
in the peripheral margin of the saccular macula (far
right, Fig. 1C) and in the striola region of the utricular
macula, where they often resulted in a flattening of the
apical surface of this region relative to surrounding
extrastriolar regions (Fig. 2C). Supporting cells, on the
other hand, had normal cellular morphology.

In the sacculus, hair cells were uniformly damaged
by gentamicin injection (Figs. 1B and C), although
cellular damage was often greater in the peripheral
margin than in more central regions (Fig. 1C). Hair
cells in the utricular macula, on the other hand, dis-
played a differential sensitivity to gentamicin (Fig. 2C).
Hair cells in the extrastriolar regions of the utriculus
displayed few, if any, signs of gentamicin toxicity. The
great majority of striolar hair cells were severely dam-
aged and degenerated within 12-24 h of gentamicin
injection. The hair bundle morphology of undamaged
striolar hair cells was similar to that of extrastriolar
hair cells (Fig. 2C).



(o]
)
i)

0.016 4
0.014 + -
0.012

0.010 +

0.008 - Ve 4
.
0.006 F / —

0.004 | b -

HAIR CELL DENSITY (HC/um-2)

0.002 + / p
0.000 L, \A/A;__f I 1 L L L I
-1 0 1 2 3 4 5 6 7 8 9 10
DAYS SURVIVAL
Fig. 4. Hair cell density in the sacculus ( a) and utricular striola (e)
plotted against post-injection time for 12 animals receiving 200 oM
gentamicin injections. Values for 5 uninjected animals plotted at 0
days post-injection. Values, means + standard deviations.

To test for the possible recovery of hair cells at later
postinjection times, we plotted hair cell density in the
saccular and utricular maculae versus postinjection time
for 12 animals injected with 200 M gentamicin sulfate
(Fig. 4). The sacculus recovered slowly from gentamicin
toxicity, showing little or no recovery for 5 days. At this
point, hair cell density increased significantly, restoring
half of the normal hair cell density by 9 days. The
utricular striola recovered more rapidly, displaying a
rapid increase in hair cell density for the first 3 days
post-injection and a slower increase from this point up
to 9 days post-injection. Hair cell density in the utricu-
lar striola of animals sacrificed 9 days postinjection was
not significantly different from that in normal animals
(P> 0.10).
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The recovery of hair cell density demonstrated in
Fig. 4 suggested that new hair cells were being formed
following the degeneration of hair cells damaged by
gentamicin toxicity. This conclusion is based upon two
assumptions: (1) damaged hair cells rapidly and com-
pletely lose their sensory hair bundles, and (2) recover-
ing or regenerating hair cells can be recognized in
wholemount preparations by the presence of their sen-
sory hair bundles. To test the latter assumption, we
studied sectioned material from animals sacrificed at
later postinjection times to more closely examine the
cell body and hair bundle morphology of individual
hair cells.

By 2-3 days postinjection, obvious signs of repair
were evident in the most damaged areas of the saccular
and utricular maculae of gentamicin-injected animals.
These included the rapid proliferation of supporting
cells. In the sacculus, supporting cells at the peripheral
margin were seen to migrate from the basement mem-
brane to more apical positions (far right, Fig. 1D),
suggesting that these cells might be redifferentiating
into hair cells. Similar migrations were observed, al-
though less consistently, in the central sacculus and
utricular striola (Figs. 1C and 2D). In addition, newly
formed cells, typified by small, narrow cell bodies and
small nuclei, were seen in both the saccular and utricu-
lar maculae (pointers, Figs. 1C and D; 2D and E).
Many of these cells also exhibited mitotic figures (Fig.
5), enabling us to unequivocally identify hair cells un-
dergoing metaphase (Figs. SA and B), anaphase (Fig.
5C), and telophase (Fig. 5D). Newly formed hair cells
were also recognized by their weaker nuclear staining
density in toluidine-blue stained material.

Newly formed hair cells, unlike mature hair cells or
supporting cells, initially occupied intermediate posi-
tions within the sensory epithelium and did not contact
the apical surface. Upon contacting this surface, these

Fig. 5. Nomarski photomicrographs of newly formed hair cells in the saccular macula undergoing metaphase (A.B), anaphase (C) and telophase
(D). Scale bar, 10 um (A-D).
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tion. By 7-9 days postinjection, the cellular morphol-
ogy of the saccular and utricular maculae in gentam-
icin-injected animals more closely resembled that seen

cells began to acquire the hair bundle characteristic of
mature hair cells. Newly formed hair cells were ob-
served as early as 2 days and as late as 9 days postinjec-

Fig. 6. Nomarksi photomicrographs of immature (left) and mature (right) hair cell types in the saccular (A) and utricular (B) maculae. Immature
saccular hair cell taken from animal sacrificed 7 days postinjection; immature utricular hair cells taken from animals sacrificed 3-5 days
postinjection. Scale bar, 10 pm.



in normal material (Figs. 1D and 2E). The cell bodies
of hair cells and supporting cells were more ordered
and normal in appearance. The nuclei of hair cells and
supporting cells, as in normal material, were well sepa-
rated. Epithelial holes in the sensory epithelium, al-
though still apparent (Figs. 1D and 2E), were smaller
and less frequent than at earlier postinjection times.

To our surprise, immature versions of most of the
mature hair cell types in the bullfrog sacculus and
utriculus could readily be identified by their distinctive
hair bundle morphology (Figs. 6A and B). As in the
normal sacculus (Fig. 1A), regenerating hair cells in the
peripheral margin and, more rarely, in the central
region had unbulbed kinocilia longer than their longest
stereocilia (solid arrows, Fig. 1D). Most hair cells in
the central region had short, bulbed kinocilia equal in
length to their longest stereocilia (Figs. 2E and 6A). In
both cases, the hair bundles of newly formed hair cells
were significantly shorter than those of mature saccular
hair cells, even in animals sacrificed 7-9 days postin-
jection.

In the utriculus, four mature hair cell types have
been distinguished by the presence or absence of a
bulbed kinocilium and the relative lengths of their
kinocilium and longest stereocilia (Lewis and Li, 1975;
Baird and Lewis, 1986). Two of these hair cell types
have short stereocilia and kinocilia 2-6 times longer
than their longest stereocilia, differing only in the
absolute lengths of their kinocilia and longest stere-
ocila. Short hair bundles with similar morphology were
often seen in gentamicin-treated animals (Fig. 6B, top).
The remaining two types possess bulbed or unbulbed
kinocilia approximately equal in length to their longest
stereocilia. Immature versions of both of these hair cell
types were also observed in gentamicin-injected ani-
mals (Fig. 6B, middle and bottom). The hair bundles of
newly formed utricular hair cells, unlike saccular hair
cells, reached similar lengths as their mature counter-
parts by 7-9 days postinjection.

Hair cells appeared to repopulate the utricular stri-
ola in a fixed order. At 2-5 days postinjection, the
great majority of newly formed hair cells had kinocilia
longer than their longest stereocilia (Fig. 6B, top).
These hair cells, as in normal material, were largely
restricted to the outer striolar rows (Fig. 2E). Hair cells
with shorter bulbed and unbulbed kinocilia (Fig. 6B,
middle and bottom) appeared only at later postinjec-
tion times.

Discussion

The results of the present study clearly demonstrate
that vestibular hair cells in the bullfrog, like those in
birds (Cruz et al., 1987; Hashino et al., 1991; Lippe et
al,, 1991) and fish (Yan et al., 1991), are sensitive to
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aminoglycoside antibiotics. More importantly, our find-
ings demonstrate that vestibular endorgans, like their
auditory counterparts (Cruz et al., 1987; Hashino et al.,
1991; Lippe et al., 1991), are capable of regenerating
new hair cells following aminoglycoside toxicity. Using
autoradiogaphy and immunocytochemical labeling,
Weisleder and Rubel (1992) have recently shown that
vestibular hair cells in the bird also exhibit regenera-
tion following exposure to aminoglycoside antibiotics.
Although hair cells in the amphibian vestibular endor-
gans are known to proliferate at a low level throughout
adult life (Li and Lewis, 1979; Corwin, 1985), these
findings represent, to our knowledge, the first direct
evidence of hair cell regeneration in amphibians.

The degeneration and subsequent regeneration of
hair cells seen in this study was more rapid than that
seen in other studies. This may be due to the way in
which gentamicin was administered to the inner ear.
With the exception of one early study (Lindeman,
1969b), most investigators (Cruz et al., 1987; Hashino
et al., 1991; Lippe et al., 1991), have administered
aminoglycyoside antibiotics systemically, resulting in a
slow, sustained delivery of these antibiotics to all parts
of the body. Our intraotic injection procedure, by con-
trast, was designed to rapidly deliver a concentrated
dose of antibiotic to the inner ear. We are not certain
why vestibular hair cells in the bullfrog are not affected
by systemic injections of aminoglycoside antibiotics.
Our results do, however, emphasize the ability of the
vestibular organs to rapidly reproduce new hair cells in
response to ototoxic insult. Moreover, they are in good
agreement with the results of Yan et al. (1991), who
also did not observe hair cell damage in the sacculus
after systemic injections of gentamicin in the fish.

It has long been known that aminoglycoside antibi-
otics can induce cochlear and vestibular ototoxicity.
The biochemical mechanism(s) underlying ototoxicity,
however, are only poorly understood (Lim, 1986;
Schacht, 1986). Schacht and his colleagues (1986) have
proposed that aminoglycosides bind electrostatically
with negatively charged components of the hair cell
plasma membrane. In addition, polycationic aminogly-
cosides, such as gentamicin and streptomycin, bind to
and block negatively charged hair cell transduction
channels (Kroese and van den Berken, 1980; Kroese et
al., 1988; Jamarillo and Hudspeth, 1991), located at or
near the tips of the stereocilia (Hudspeth, 1982;
Jaramillo and Hudspeth, 1991). Both of these interac-
tions are believed to be reversible and antagonized by
divalent cations. A second, more crucial, interaction is
the energy-dependent transport of aminoglycosides into
hair cells by endocytosis (Takada et al., 1985; DeGroot
et al., 1990) and its subsequent binding to phos-
phatidylinositol 4,5-biphosphate (PIP,) (Schacht, 1986).
This binding inhibits the hydrolysis of IP,, preventing
its physiological function (Berridge, 1984; Nishizuka,
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1984), and disturbs membrane structure, resulting in
non-specific permeabilities of the plasma membrane to
external ions.

Hair cells in the vestibular organs were differentially
sensitive to gentamicin, saccular hair cells being af-
fected at lower gentamicin concentrations than their
utricular counterparts. Within the utriculus, hair cells
in the striola were affected more than hair cells in
extrastriolar regions. Vestibular organs in mammals
(Lindeman, 1969b) and fish (Yan et al., 1991) are also
known to exhibit such regional sensitivity, hair cells in
central regions being more sensitive than hair cells in
more peripheral locations. In our study, selective sensi-
tivity to gentamicin was correlated with hair cells with
particular hair bundle morphologies. This is the first
evidence that such sensitivity is correlated with hair
cell type rather than epithelial location per se.

The cellular basis for selective gentamicin sensitivity
is not well understood. One possibility -is that some
hair cells are able to slow or prevent the access of
aminoglycoside to intracellular compartments, perhaps
by varying the level of intracellular calcium at their
apical surface. This would be expected to antagonize
the electrostatic interaction of aminoglycosides with
the transduction channel and plasma membrane, pre-
venting or delaying its intracellular entry and subse-
quent deleterious effects. A second possibility is that
the intracellular effects of aminoglycoside antibiotics
are more deleterious in some hair cells than in others.
The primary site for these antibiotics appears to be the
endoplasmic reticulum and Golgi complex (DeGroot et
al., 1990). Hair cells in central regions of the vestibular
endorgans possess a more extensive endoplasmic retic-
ulum and larger numbers of mitochondria than hair
cells located in more peripheral regions (Yan et al.,
1991). Whatever its cellular basis, however, this phe-
nomenon provides investigators with a useful tool to
study the degeneration and regeneration of specific
hair cell populations in the vestibular organs.

The signals and cellular mechanism(s) which trigger
the production of new vestibular hair cells are not
known. Hair cell recovery could potentially result from
a number of processes, including the migration of
undamaged hair cells to damaged regions, the recovery
of partially damaged hair cells, the redifferentiation of
other cell types into hair cells, and the production of
new hair cells by mitosis. Migration of undamaged hair
cells cannot contribute to recovery in the sacculus,
where a near-complete loss of the existing hair cell
population is observed. While migration of undamaged
hair cells from extrastriolar regions could contribute to
hair cell recovery in the utricular striola, our results
suggest that this is unlikely. First, such a migration
would be expected to produce a reduction in extrastrio-
lar hair cell density. This was not observed. Secondly, a
restoration of the normal distribution of striolar hair

cell types would imply that differentiated extrastriolar
hair cells were able to redifferentiate into striolar hair
cell types. The existence of distinctive immature ver-
sions of mature striolar hair cell types suggests that this
does not occur. Our results do not reveal if partially
damaged hair cells are able to recover after gentamicin
exposure. Two lines of evidence, however, suggest that
this is not the case. First, the loss of hair cell nuclei
and the creation of large epithelial holes following
gentamicin exposure suggests that damaged hair cells
are destroyed and extruded from the sensory macula.
Studies in the auditory system also suggest that only
differentiating hair cells are capable of hair bundle
assembly (Corwin and Cotanche, 1989; Tilney, 1986),
seemingly ruling out the possibility that mature hair
cells can regrow their hair bundles.

The large loss of hair cells in the sacculus and
utricular striola argues strongly that recovery must
involve the mitotic production of new hair cells. This is
supported by the presence of regenerating cells with
mitotic figures in gentamicin-treated but not normal
animals. These regenerating hair cells were present
only in regions of hair cell loss suggesting that, as in
the auditory organs, such loss is necessary for mitosis
to occur. Mitotic division of a precursor population is
also responsible for the restoration of hair cell popula-
tions in other lower vertebrates following acoustic
trauma (Corwin and Cotanche, 1988; Ryals and Rubel,
1988; Girod et al., 1989; Popper and Hoxter, 1990;
Rubel, 1991) and aminoglycoside toxicity (Cruz et al.,
1987; Hashino et al., 1991; Lippe et al,, 1991). One
obvious candidate for this population is some subset of
supporting cells (Girod et al., 1989; Popper and Hox-
ter, 1990; Rubel, 1991). Our results further reveal that
supporting cells, following the destruction of existing
hair cells, migrated toward the apical surface, leaving
no cell nuclei adjacent to the basement membrane.
This migration was not necessarily associated with mi-
totic hair cells, suggesting that supporting cells may
also redifferentiate directly into hair cells.

Surprisingly, regenerating hair cells strongly resem-
bled miniature versions of mature hair cells at all
stages of their development and could be classified into
a number of hair cell types by the same morphological
criteria used to identify their mature counterparts.
Regenerating hair cells, for example, had kinocilia 2—-6
times longer or approximately equal to their longest
stereocilia. Similarly, regenerating hair -cells with
bulbed kinocilia, differing only in absolute kinociliary
and stereociliary length, were consistently seen in gen-
tamicin-treated animals. This suggests that the hair
bundle morphology of vestibular hair cells, as in audi-
tory hair cells (Corwin and Cotanche, 1989), is loca-
tion-specific and predetermined early in the regenera-
tion process. Our results do not reveal whether hair
cell types transform their hair bundle morphology dur-



ing the regenerative process or if they differentiate
from independent precursor cells. In the utricular stri-
ola, however, hair cells appeared to regenerate in a
fixed order, suggesting that morphologically distinct
hair cell types may represent intermediate stages in
morphogenic development. In the bullfrog sacculus,
moreover, mature hair cells with short, bulbed kinocilia
are believed to develop from hair cells with long,
unbulbed kinocilia (Li and Lewis, 1979; Corwin, 1985).
Regenerating saccular hair cells with both types of hair
bundle morphology were seen in our material. How-
ever, hair cells with long, unbulbed kinocilia were
usually located in the peripheral margin. Moreover,
most saccular hair cells, even at early postinjection
times, had short, bulbed kinocilia, arguing against a
compulsory involvement of hair cells with long, un-
bulbed kinocilia in the regenerative process. This would
seem to contradict the results of Corwin (1985), who
argues that developing saccular hair cells initially have
long kinocilia which shrink during development to at-
tain the bulbed kinocilium typical of mature saccular
hair cells. It is, of course, possible that the processes
underlying hair cell regeneration do not mirror those
underlying normal development.

QOur results emphasize the importance of the
vestibular otolith organs as model systems for studies
of hair cell regeneration. These organs, particularly the
utricular macula, possess a number of hair cell types,
which are distinguishable both by their hair bundle
morphology (Lewis and Li, 1975; Baird and Lewis,
1986) and their physiological response properties
(Baird, 1993a,b). As our results demonstrate, immature
versions of these hair cell types can easily be recog-
nized and studied at various stages of development.
Studies of the morphological and physiological changes
that occur during hair cell regeneration should reveal
what signals trigger regeneration in lower vertebrates
and hopefully lead to an understanding of the basic
mechanisms underlying differentiation and repair in
these important receptor cells.
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